degree of inhibition than that observed with the A fraction alone. On the other hand, the endogenous incorporation of amino acid was much less susceptible to inhibition than the incorporation of the corresponding amino acid in a system stimulated by synthetic polynucleotide. In addition, synthesis of polyphenylalanine stimulated by polyuridylic acid was inhibited to a greater extent when the antibiotics were added before the addition of polyuridvlic acid to the reaction mixture than when the antibiotics were added after the polynucleotide had a chance to attach to the ribosomes. However, the antibiotics apparently did not inhibit the binding of C14-polyuridylic acid or C'4-phenylalanyl-s-RNA to ribosomes. The antibiotics did not affect the normal release of nascent protein from ribosomes and did not disturb protein synthesis by causing misreading of the genetic code. The antibiotics bind irreversibly to the ribosome, or destroy the fuinctional identity of the ribosome. The antibiotic action is apparently a result of the competition between antibiotic and messenger RNA for a functional site(s) on the ribosome.
A great deal of work has been done to elucidate the mechanism of protein synthesis in microbial and animal cells. These studies have, in some cases, been aided by the use of antibiotics which specifically inhibit a biosynthetic step involved in protein synthesis. Among these antibiotic inhibitors of protein synthesis are puromycin (Morris and Schweet, 1961) , chloramphenicol (Nathans et al., 1962) , streptomycin (Davies, Gilbert, and Gorini, 1964) , cycloheximide (Wettstein, Noll, and Penman, 1964) , and the tetracyclines (Hierowski, 1965; Suarez and Nathans, 1965) .
Recently, a new and large group of antibiotics, which apparently inhibit protein synthesis in intact bacterial cells and in cell-free extracts of these cells, has been reported. These are the polypeptide antibiotics of the PA 114, vernamycin, and streptogramin group (Celmer and Sobin, 1956;  Yamaguchi, 1961; Vazquez, 1962; Laskin and Chan, 1964; Ennis, 1965) . As reported in the preceding investigation (Ennis, 1965) , these antibiotics exist as a complex of synergistic compounds. Each antibiotic may be effective itself in inhibiting growth and protein synthesis, but they are more effective in combination.
The present investigation has shown that these antibiotics are potent inhibitors of cell-free protein synthesis. This report is concerned with the mechanism of inhibition of protein synthesis by the polypeptide antibiotics. The antibiotics apparently compete with messenger ribonucleic acid (m-RNA) for a functional site(s) on the ribosome, and in this way stop protein synthesis.
MATERIALS AND METHODS Bacterial strain. Escherichia coli B was used as a source of the protein synthesizing system. The bacteria were growni in Brain Heart Infusion broth (Difco) . 1109 prepared from the S-30 fraction by two successive centrifugations at 100,000 X g for 2 hr in the Spinco model L-2 centrifuge. Ribosomes were prepared by sedimentation of the S-30 fraction at 100,000 X g for 2 hr. The ribosomes were then washed two or three times by cycles of sedimentation and resuspension. These ribosomes will not synthesize protein unless the supernatant fraction is added back to the complete reaction mixture. Several reaction mixtures were used, which are described in the following sections.
Incorporation of C14-amino acid into hot trichloroacetic acid-insoluble peptide. The reaction mixture (1 ml) for the incorporation of C'4-amino acid into hot trichloroacetic acid-insoluble peptide contained: Tris-HCl buffer (pH 7.8), 100 ,umoles; 2-mercaptoethanol, 6,umoles; magnesium acetate, 12 MAmoles; disodium creatine phosphate, 6 jAmoles; creatine kinase, 20 jug; ATP, 1 jAmole; GTP, 0.12 Mumole; KCl, 100 ,umoles; C'4-amino acid; S-30 fraction. When measurement of polyuridylic acid stimulation of the incorporation of C14-phenylalanine was followed, 50 ,ug of polyuridylic acid and 10 m,umoles of C14-phenylalanine (0.5 ,uc) were added. Controls lacking polyuridylate but identical in all other respects to the reaction mixture described above were simultaneously carried out. When the copolymer containing polyadenylic-polycytidylic acid (1:2) was used to stimulate the incorporation of C14-proline, 200 ,g of polyadenylic-cytidylic acid, 2.5 mMumoles of Mc) , and a mixture of the other 19 nonradioactive amino acids (40 mMAmoles of each) were added, and the S-30 fraction was preincubated for 45 min at 37 C. The equivalent endogenous system lacked only the copolymer of polyadenylic-polycytidylic acid, and the S-30 fraction was not preincubated.
The reaction was run at 37 C and was terminated by the addition of 2 volumes of 10% trichloroacetic acid containing 1 mg/ml of unlabeled amino acids. The tubes were heated to 95 C for 10 min, cooled, filtered and washed with 5% trichloroacetic acid on Millipore filters (0.45-,u pore size), mounted on aluminum planchets, and counted. In these experiments, unless otherwise stated, the reactions were terminated at 20 min. In the systems stimulated by polyuridylic acid and the copolymer of polyadenylic-polycytidylic acid, 600,u,moles of C14-phenylalanine and 8 MzMAmoles of C14-proline were polymerized. In the corresponding endogenous systems, 12 uMMmoles of C'4-phenylalanine and 1.5 s,umoles of C14-proline were polymerized, respectively. All values were corrected for a nonincubated control reaction terminated at zero-time.
Synthesis of aminoacyl-s-RNA. The reaction mixture (1 ml) for synthesis of aminoacyl-s-RNA contained: Tris-HCl buffer (pH 7.2), 100
Mumoles; magnesium acetate, 13 jumoles; disodium ATP, 1 MAmole; disodium creatine phosphate, 6
Mmoles; creatine phosphokinase, 20 Ag; reduced glutathione, 4 MAmoles; E. coli B "stripped" s-RNA, 1 mg; C14-phenylalanine, 2.8 mMumoles (0.5 MAc), or valine, 2.5 m,umoles (0.5 Mc); protein of E.
coli B S-100, 25 Mg. The reaction was carried out at 30 C. Samples were mixed with an equal voltume of ice-cold 10% trichloroacetic acid containing 1 mg/ml of unlabeled amino acids. The samples were filtered and washed on Millipore filters, mounted on aluminum planchets, and counted for radioactivity.
Transfer of C14-phenylalanine from C14-phenylalanyl-s-RNA to hot trichloroacetic acid-insoluble peptide. The reaction mixture (1 ml) for the transfer of C14-phenylalanine contained: Tris-HCI buffer (pH 7.8), 100 Mumoles; 2-mercaptoethanol, 6 Mmoles; magnesium acetate, 12 ,moles; disodium creatine phosphate, 6 jMmoles; creatine phosphokinase, 20 jug; disodium ATP, 1 Mumole; trisodium GTP, 0.12 Mmole; KCI, 100 Mmoles; S-30 fraction (0.575 mg of protein, 0.335 mg of RNA); C'4-phenylalanyl-s-RNA (0.210 mg, 3,120 count/ min); nonradioactive phenylalanine, 2 Mumoles; polyuridylic acid, 50,g. The reaction was carried out at 30 C. Samples were taken and assayed as described for the incorporation of C'4-amino acid into hot trichloroacetic acid-insoluble peptide.
Binding of C'4-polyuridylic acid to ribosomes. The reaction mixture (1 ml) for the binding of C14-polyuridylic acid contained: Tris-HCl buffer (pH 7.2), 100 ,umoles; magnesium acetate, 20 Mmoles; E. coli ribosomes, washed 2 times (amount as indicated in each experiment); antibiotic if added (10 Mg); C'4-polyuridylic acid, 50 Mg, 5,000 count/min. The order of addition was as listed.
INHIBITION OF PROTEIN SYNTHESIS IN BACTERIA. II
The mixture was inculbated at 30 C for 5 min anid then layered on 4 ml of 0.5 ui sucrose, which had been layered on top of 3 ml of 1.5 M sucrose, in a 10-ml Spinco centrifuige tube. The stucrose solutions were prepared in the above buffer. The magnesium acetate was deleted only when magnesium was omitted from the reaction mixtutre. The ttube was centriftuged for 4 hr at 100,000 X g, the sucrose was decanted, and the pellet was carefully washed with stanidard btuffer. The ribosomal pellet was dissolved in concenitrated formic acid, dried oni a planchet, anid counted.
Binding of C14-phenylalanyl-s-RN;VA to ribosomes. The reaction mixtuire (1 ml) for (Ennis, 1965) .
Polyuridylic acid-stimulated incorporation of phenylalanine was also inhibited by these antibiotics in cell-free extracts of rat liver, but the (Ennis, 1965 In one experiment (Table 1) Table 3 show that the antibiotics, even at concentrations as high as 100 ,g/ml, did not inhibit the synthesis of phenylalanyl-s-RNA or valyl-s-RNA (and thus also activation of these amino acids), indicating a site of action subsequent to the formation of aminoacyl-s-RNA.
PA stimulated by synthetic polynucleotides. Table  4 shows that 1 ,g/ml of antibiotic inhibited the polyuridylic acid-stimulated incorporation of Cl4-phenylalanine into hot trichloroacetic acid-insoluble peptide more than the endogenous incorporation of the amino acid. Likewise, Table 5 shows that the copolymer of polyadenylic-cytidylic acid-stimulated incorporation of C'4-proline was inhibited to a greater extent than endogenous incorporation of this amino acid. In contrast, puromycin inhibited the endogenous synthesis to a greater extent than the stimulated synthesis. the kinetics of
In these experiments, the synthetic polynu-1-insoluble pep-cleotides were added either after the addition of e reaction mix-the antibiotic or at exactly the same time. HowMaterials and ever, inhibition was decreased if time was allowed tylalanine from for the synthetic polynucleotide to attach to the trichloroacetic ribosomes and to start functioning before the to addition of addition of the antibiotic was made. In this ex-)er ml (A). periment, 5 ,tg/ml of PA 114 A were added to a complete reaction mixture containing polyuri-,g/ml) on poly-dylic acid and C14-phenylalanine either immediporation of ately prior to starting the reaction by the addius incorpotion of the S-30 fraction, or 6.5 min after the retrichloroaction was proceeding. The curves in Fig. 4 However, direct measurements of the binding of C14-polyuridylic acid and C'4-phenylalanyl-s-RNA to ribosomes failed to substantiate this conclusion. The antibiotics had no effect on the attachment of C14-polyuridylic acid to ribosomes O.S (Table 6) , and little consistent effect of antibiotics on polyuridylic acid-stimulated binding of C14-phenylalanyl-s-RNA was observed (Table 7) .
Although not a consistent finding, occasionally up to 25% inhibition of binding of phenylalanyl-s-RNA was observed (Table 7 , experiment 2) when 8 ,ug/ml of antibiotic were used, a concentration greater than necessary to give maximal inhibition of peptide synthesis. Irreversible inhibition of ribosome function. In this experiment, the ability of the antibiotics to bind to ribosomes and to destroy their potential protein synthetic capability was studied. Complete cell-free reaction mixtures without C14-amino acid, as described in Materials and Methods for incorporation of C'4-amino acid into hot trichloroacetic acid-insoluble peptide, were incubated with or without antibiotics (5 ,ug/ml) for 30 min at 37 C. The ribosomes were then isolated by centrifugation at 100,000 X g and added back to complete cell-free reaction mixtures containing polyuridylic acid, C14-phenylalanine, and an S-100 fraction, but without antibiotics. The rate and final amount of C14-phenylalanine incorporated into hot trichloroacetic acid-insoluble peptide was determined as outlined in Materials and Methods for incorporation of C'4-amino acid into hot trichloroacetic acidinsoluble peptide. In experiment 1, the ribosomes were washed and then dialyzed overnight against 100 times the volume of standard buffer before * Complete reaction mixtures were supplemented with polyuridylic acid varying in concentration from 50,ug/ml to 2 mg/ml. A constant amount of antibiotic was added to each reaction tube. The reactions were run at 37 C for 5 min, and the C14-phenylalanine incorporated into hot trichloroacetic acid-insoluble peptide was determined as outlined in Materials and Methods. A control reaction without the antibiotic was run at each concentration of polyuridylic acid.
ribosome, or by destruction of the functional integrity of the ribosome. If there is competition between m-RNA and antibiotic, one would expect that the extent of inhibition of protein synthesis would be dependent on the amount of m-RNA competing with the antibiotic for the functional site(s) on the ribosome. The more messenger present in the system, the greater the chance would be that the messenger molecule would attach to the functional site(s) on the ribosome before the antibiotic got there.
Reaction mixtures containing 0.5 ,ug/ml of PA 114 A and increasing amounts of polyuridylic acid were analyzed for their ability to incorporate phenylalanine into hot trichloroacetic acid-insoluble peptide. Control reactions lacking the antibiotic but containing the polyuridylic acid at each concentration were run at the same time. The inhibition was calculated by dividing the amount of phenylalanine incorporated in the reactions containing antibiotic by the amount incorporated by the corresponding reactions containing the same amount of polyuridylic acid but no antibiotic. Table 9 shows that the more polyuridylic acid present, the less inhibition was observed, indicating that the polynucleotide was able to compete with the antibiotic. Table 9 also shows that the same result was obtained with streptomycin, which is also known to bind irreversibly to the ribosome (Flaks, Cox, and White, 1962) , but which has a different mode of action than PA 114 A. No decrease in inhibition was observed when puromycin was used to VOL. 90, 1965 J. BACTERIOL. inhibit polyphenylalanine synthesis. Puromycin does not bind irreversibly to the ribosome (Morris et al., 1963) .
Further observations. The effect of the antibiotics on the release of nascent protein chains from ribosomes was studied. A complete cell-free reaction mixture containing polyuridylic acid and C'4-phenylalanine, as described in Materials and Methods for incorporation of C'4-amino acid into hot trichloroacetic acid-insoluble peptide, was incubated for 5 min at 37 C. The reaction mixture was cooled rapidly and centrifuged at 100,000 X g for 2 hr to sediment the ribosomes. The ribosomes were rinsed with cold standard buffer and resuspended in standard buffer. These ribosomes (with attached nascent chains of C14_ polyphenylalanine) were then incubated in a complete reaction mixture containing nonradioactive phenylalanine (4 ,umoles/ml) and an S-100 fraction. Antibiotics were added to separate tubes of this mixture as indicated, and samples were taken at zero-time and after 5 min of incubation at 37 C. The samples were chilled rapidly, and the ribosomes were reisolated and washed as above, dissolved in concentrated formic acid, dried on planchets, and counted for radioactivity. The reaction mixture contained (per milliliter) 0.125 mg of ribosomal RNA and 0.3 mg of supernatant protein.
The results given in Table 10 show that the antibiotics had very little effect on the release of nascent protein from ribosomes. The same amount of protein was released after 5 min in the presence or in the absence of the antibiotics. As has been already shown (Morris and Schweet, 1961) , puromycin caused a premature release of nascent protein from ribosomes in this system. Davies et al. (1964) showed that streptomycin disturbs protein synthesis by causing a misreading of the genetic code. In one series of experiments, 50 mg/ml of polyuridylic acid were added to a complete cell-free protein-synthesizing system containing a complete mixture of nonradioactive amino acids and, depending on the experiment, a variety of radioactive amino acids. In another experiment, the endogenous proteinsynthesizing system was used, and a radioactive algal amino acid mixture was added. The experiments were run at Mg++ concentrations varying from 2 to 30 ,moles/ml. In no case did any of the antibiotics induce a specific misreading of the genetic code. DISCUSSION A previous investigation (Ennis, 1965) showed that the polypeptide antibiotics of the PA 114, vernamycin, and streptogramin complexes specifically inhibit protein synthesis in intact bacterial cells. The present work extends this result to the in vitro synthesis of protein. However, these antibiotics are potent inhibitors only of the synthetic polynucleotide-stimulated incorporation of amino acids into hot trichloroacetic acidinsoluble peptide. The endogenous incorporation of amino acid is much less susceptible to inhibition than the corresponding stimulated system.
The antibiotics inhibit protein synthesis well only when m-RNA is not attached to the ribosomes and is functioning. If the antibiotics are added after the messenger is firmly attached and functioning, inhibition is less than when the antibiotics are added before m-RNA becomes attached and is working. This indicated that the antibiotics might prevent the binding and functioning of m-RNA. However, direct measurements of C14-polyuridylic acid binding to ribosomes in the absence of protein synthesis showed that physical attachment of polyuridylic acid to ribosomes is unaffected by concentrations of the antibiotics 10-fold greater than that required to maximally inhibit in vitro protein synthesis. However, another problem still exists. Although the antibiotics do not affect attachment of m-RNA (and also of aminoacyl-s-RNA), they do inhibit the functioning of the m-RNA-aminoacyl-s-RNA-ribosome complex formed after, but not before, the antibiotic is added to the in vitro protein synthesizing system. The drugs therefore do not compete with the site(s) necessary to the physical binding of m-RNA or aminoacyl-s-RNA. They may compete, however, with some other site(s) necessary for the functioning of the ribosome-m-RNA complex. Thus, there may be one site on the ribosome responsible for the physical attachment of messenger and others for functional attachment.
The results presented in this investigation show that the antibiotics do indeed compete with m-RNA for a functional site(s) on the ribosome. (English, McBride, and Halsema, 1956; Tanaka et al., 1958; Verwey, West, and Miller, 1958 Yamaguchi and Tanaka (1964) were working only on the inhibition of endogenous synthesis of protein in cellfree extracts of E. coli by mikamycin, an antibiotic which is probably the same as or similar to the PA 114 group (Yamaguchi, 1961; Watanabe, 1961) , they found, as the present study indicates, that the E. coli endogenous system itself was relatively insensitive to inhibition by this antibiotic. From this result, Yamaguchi and Tanaka (1964) concluded that the mechanism of protein synthesis may be different in grampositive and gram-negative bacteria. This conclusion must be reviewed in view of the present finding that in vitro endogenous protein synthesis in E. coli extracts is not as susceptible to inhibition by the polypeptide antibiotics as is a system stimulated by synthetic polynucleotides. The present study has shown that the in vitro protein-synthesizing system derived from E. coli is refractory to inhibition only when m-RNA is attached to the ribosomes before the antibiotic is added to the reaction mixture. The results obtained by Yamaguchi and Tanaka (1964) , contrary to their conclusion that the E. coli proteinsynthesizing system is not susceptible to inhibition by mikamycin, gives further evidence that the relative insensitivity of intact E. coli cells to inhibition by these polypeptide antibiotics of this group is due to the impermeability of the cell to these antibiotics.
The antibiotics of the PA 114 and vernamycin group are composed of a number of components. Each component may be active alone in inhibiting bacterial growth and protein synthesis in intact gram-positive bacterial cells, but they are much more active in combination with each other (Celmer and Sobin, 1956; English et. al., 1956; Tanaka et. al., 1958; Yamaguchi, 1961; Ennis, 1965 (Morris and Schweet, 1961) ; streptomycin, by causing a misreading of the genetic code ; the tetracyclines, by inhibiting binding of aminoacyl-s-RNA to ribosomes (Hierowski, 1965; Suarez and Nathans, 1965) ; and chloramphenicol (Nathans et al., 1962) , by a poorly understood mechanism which is, however, different from that of the PA 114 group. The cross-resistance of PA 114 resistant mutants with streptogramin and vernamycin, and with erythromycin and oleandomycin (Ennis, 1965) , perhaps indicates a similar mode of action.
This work has shown that the mode of action of the PA 114, vernamycin, and streptogramin complexes is the same. Other investigations on the biological effects of the antibiotics and on their chemical structure have also indicated a marked similarity among this group and among other polypeptide antibiotics such as mikamycin, ostreogrycin, and staphylomycin (Celmer and Sobin, 1956; English et al., 1956; Verwey et al., 1958; Tanaka et al., 1958; Eastwood, Snell, and Todd, 1960; Vanderhaeghe and Parmentier, 1960; Yamaguchi, 1961; Watanabe, 1961; Vazquez, 1962; Bodansky and Ondetti, 1963; Laskin and Chan, 1964) .
